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Determination of relative rare earth element distributions in very
small quantities of uranium ore concentrates using femtosecond
UV laser ablation — SF-ICP-MS coupling

A. Donard,*® A. -C. Pottin,” F. Pointurier,” and C. Pécheyran®

An alternative analytical method has been developed to determine lanthanide distribution using hundreds of nanograms
of uranium ore concentrate (UOC) by femtosecond ultra-violet laser ablation coupled to inductively coupled plasma
sector-field mass spectrometry (fs-UV-LA-ICP-SF-MS). Commonly performed from macroscopic sized samples by standard
wet plasma nebulisation ICP-MS, the method developed in this study, reduces the amount of sample necessary for analysis
by at least three orders of magnitude. As ablation of micrometric particles produces a short transient signal (5-10s)
optimisation of the method to process such signals is discussed. Absolute limits of detection for the measurement of the
14 lanthanides were in the range of 80 to 630 attograms, allowing elemental concentrations close to the ppm to be
measured in such a small quantity of UOC. Validation of the method was performed by determining the relative
distribution of lanthanides in the standard UOC certified reference material, “Bolet” (CETAMA), for which concentrations
of 3 lanthanides are certified. The method was also applied to the measurement of the 14 lanthanides in a UOC called
“Olympic Dam”. Results were in good agreement with results obtained by two laboratories for the same sample with a
standard wet plasma nebulisation ICP-MS method after chemical purification (U matrix elimination and lanthanide
concentration starting from macroscopic amounts of material) and with data from literature concerning the lanthanide

distribution in the original U-ore.

Introduction

With the increase in illicit trafficking of nuclear material in the
1990s, a new analytical science called nuclear forensic science
has emerged. Nuclear forensic science aims at providing
information (origin and intended use) on seized, illegal nuclear
material. This information is essential for enhancing security
and preventing future loss or theft.!™ Over the past decades,
several parameters have been investigated to identify
signatures of the material’s history.

Uranium ore concentrate (UOC) is obtained after the first step
of uranium ore purification usually performed at the ore
extraction site. UOCs are then transported to nuclear facilities
where the uranium purification — concentration process
continues. ldentification of markers in UOC is essential
because of the risk of loss or theft of such nuclear material.
Several cases of seizures of UOCs have occurred in the past
few years.“f6 In 2003, nearly 3 kg of radioactive material was
detected in a shipment of scrap metal in Rotterdam. Nuclear
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forensic experts from the Institute of TransUranium elements
(ITU, Karlsruhe, Germany) have been in charge of identifying
the potential source by different methods. They emphasize the
importance of finding as many key parameters as possible to
identify and decrease the level of uncertainty of the
provenance.4 To characterize seized material, signatures of
anthropogenic activities (chemical or physical operations) or
radiogenic parameters are investigated. Identification of
processes applied to UOC can for instance be carried out by
measuring the non-volatile organic compound by Gc-MS’ or
determining lead isotopic compositions. The isotopic
composition of several non-radioactive elements (Pb, Sr, O,
Nd, and 5)9_13 are also potential indicators of the UOC origin.
Measurement of impurity compositions in UOCs combined
with statistical treatment (principal component analysis (PCA),
Soft Independent Modeling of Class Analogy (simca)™,
canonical analysis of principal coordinates (CAP)™) allows the
classification of a UOC according to its type of original deposit.
Among all of these indicators, rare earth element (REE)
composition (i.e. distribution of the relative abundances of
REEs) is a very interesting candidate for origin deposit
determination.’®” The REE distribution can be regarded as a
characteristic of the types of uranium deposit. The REE pattern
is directly related to the mineralizing process and geological
settings.18 For example, no fractionation between the REEs is
characteristic of an intrusive and a synmetamorphic deposit.19
REEs are incorporated during the ore formation and unlike
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other parameters such as U, Pb, O, isotopic compositions are
less sensitive to post-depositional re-equilibration.18 In
addition, the milling process applied to transform ore into ore
concentrate does not seem to modify the REE distribution
allowing the possibility to link a UOC to its deposit of origin.17
To fully exploit this indicator, it is necessary to build a
comprehensive database of measurements of the REE
distribution in several specimens from the various types of
deposit. A drawback is that, as mentioned by Bilirger et aI.,20 no
certified reference material for lanthanides is currently
available. However, the relevant information for nuclear
forensics is mainly the REE distribution (i.e. relative
concentrations) and not the absolute concentrations.
Regarding the analytical techniques, inductively coupled
plasma mass spectrometry (ICP-MS) has been used recently as
an effective technique for the determination of the lanthanide
distribution in UOC,5’21’20 even though lanthanides are present
at trace levels (ug.g'1 or less). Samples can be analyzed directly
after digestion and dilution,s’zo’22 or lanthanides can be
separated from the uranium matrix by oxalate precipitation
and solvent extraction®® as well as by chromatography using,
for instance, an extraction chromatography TRU™ resin.??
Depending on the relative concentrations of the matrix and
lanthanides, spectral interferences may cause bias in the
results. 222U*Ar* can interfere with Lanthanum (139La); in the
m/z region, from 140 to 170 atomic mass units, it can be
disturbed by oxide and hydroxide molecular ions of barium.?
Interference could be resolved by using a high mass resolution
mode, for example, ICP-MS equipped with double focalization
of the ion beams using electrostatic and magnetic fields (ICP-
SF-MS where SF stands for “sector field”). The use of a high
mass resolution implies a significant loss of sensitivity and due
to the low REE concentrations in UOCs this solution is
inappropriate. Matrix separation improves the detection limit
by two orders of magnitude, and protects the instrument from
uranium contamination.? However, these methods are time-
consuming and generate uranium-containing effluents. Except
if the laboratory has at its disposal isotopic dilution tracers for
the REEs, chemical yields for the different REEs are not known,
which may bias the REE distribution. Combination of all the
uncertainties in each of the various steps: (concentration
measurement, weighing, chemical recovery, etc.) may lead to
high uncertainty levels.

Direct analytical methods, which do not require extensive
preparation and manipulation, which do not generate waste
and also minimize the possible sources of contamination, are
obviously of great interest. In the scope of nuclear forensic
science the quantities of sample available for analysis can be
an issue. The quantity of seized nuclear material is often
limited.?* It may also be necessary to divide the seized material
into several sub-samples to perform different analyses, which
are often destructive, as well as to keep a part of the seized
material as an archive and/or for further analysis. Therefore, it
is of great interest to be able to use as low as possible mass of
material for the analysis. To perform analysis by ICP-MS after
matrix separation, several milligrams of sample are needed to
detect lanthanide above the limit of detection.”! The use of
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laser ablation (LA) as sample introduction mode for direct ICP-
MS detection without matrix separation drastically lowers the
amount of sample required for the measurement. Analyses by
LA-ICP-MS coupling are fast, do not generate effluents, as no
chemical preparation is required, and can provide spatial
information. It has been shown that analysis of micrometric
particles by LA-ICP-MS coupling, produces very short transient
signals with high signal/noise ratios leading to very low
detection limits.”>? Most importantly, if analysis can be
performed at the scale of individual particles of a few um in
size, several UOCs of different origins could be identified in the
case of a mixing of UOCs. For example, the trace element
abundance was measured starting from a relatively high
amount of material in a UOC seized in South Africa, which did
not correspond to any uranium ore in the database. X-ray
diffraction performed on the sample revealed that 4 phases
were present in the UOC. Thus, “bulk analysis” led logically to a
mixed REE distribution.®

In this study, determination of the lanthanide distribution in
UOC particles was undertaken by an UV-femtosecond laser
coupled with an ICP-SF-MS. The LA-ICP-MS technique has
already been successfully used for the determination of REE
distribution in uranium ore at a microscopic level™®?, It has
not yet to our knowledge, been used for microscopic amounts
of UOC for which REE concentrations can be several orders of
magnitude lower than those in U-ores. Only the relative
distribution of lanthanides in UOCs was determined in this
study as this information is sufficient to link the UOC and the
deposit of origin. Methodology was developed with the
reference material “Bolet” (CETAMA, Marcoule, France)
certified for 3 lanthanides (Eu, Sm, Dy) and applied to a UOC
from the “Olympic Dam” ore mill in Australia. Results were
compared to the lanthanide distributions measured by two
different laboratories (CEA and ITU) using liquid solution
introduction mode ICP-MS after matrix separation, and with
the REE distribution reported in the literature for the “Olympic
Dam” ore.”®

Material and methods
Sample preparation

The U0z certified reference material “Bolet” (CETAMA,
Marcoule, France) was used for the optimization of the
method. Concentrations of 3 lanthanides: Sm, Eu, and Dy,
were certified with respective concentrations of 0.19, 0.18 and
0.17 u g.g"l. It should be mentioned that these three elements
were added to the UOC and that the resulting concentrations
are higher than the ones encountered in UOCs, which makes
“Bolet” an ideal material for method optimization. A real life
UOC from the Australian uranium deposit “Olympic Dam” was
also analyzed to validate the methodology. Both UOCs were in
powder form and the following sample preparation was
applied; a small amount of particles representing a few pg of
uranium, were dispersed in a mixture of collodion (4%
nitrocellulose in ether-alcohol media, Merck) and ethanol, and
deposited on 3 cm diameter polycarbonate disks. After
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evaporation of the ethanol, the particles were fixed in the
collodion layer a few um thick.

For the analysis in liquid solution introduction mode at ITU and
CEA, particles were dissolved in nitric acid and separation from
the matrix was performed by extraction chromatography
following the procedure described elsewhere.”!

Instrumentation

The LA-ICP-MS measurements were carried out using an ICP-
SF-MS “Element XR” (Thermo Scientific, Bremen, Germany)
coupled with a UV-femtosecond laser ablation system
“Lambda 3” (Nexeya SA, Canejan, France). This laser is fitted
with a diode-pumped Yb:KGW crystal laser source (HP2,
Amplitude system, Pessac, France). Three wavelengths can be
selected, 1030 nm (fundamental), 515 nm (2nd harmonic) and
257nm (4th harmonic). The 257 nm wavelength was used in
this study as described elsewhere.*® The laser source operates
within a wide range of repetition rates (1Hz-100 kHz) and at
low energy (from 200 W per pulse below 1 kHz to 1.5 w at 100
kHz). The laser beam can be moved rapidly by the use of 2D
galvanometric scanners (up to 2 m.s'l). The aerosols generated
from the ablation of the particles were carried to the ICP-MS
by helium as a vector gas. The Element XR used for all the
measurements is equipped with the “Jet interface”, i.e. special
sampler cones and an additional pump, which strongly
enhance sensitivity by a factor of ~3-5 for liquid nebulization
ICP-MS. All the measurements were carried out in low-
resolution mode (R=300) to keep on full transmission inside
the mass analyzer. Nitrogen was added to the helium flow by a
Y connection (10mL/min). Mixing of N, with Ar enhanced
sensitivity for elements in the high mass ranges.31733 The
coupling was performed in dry plasma conditions. Ablation of
transect in glass standard CRM NIST 612 was used on a daily
basis to optimize the parameters of the ICP-MS to ensure high
sensitivity and good stability (relative standard deviation of the
signals for 8 and **’Th were below 3% for 20 points in a
row). To ensure complete atomization and ionization efficiency
of the plasma, parameters were adjusted to keep the
238U/232Th ratio as close as possibleto 1 + 0.05.3%%

As mentioned before, results obtained with LA-ICP-MS were
compared with those obtained by CEA and ITU after matrix
separation and REE purification using extraction
chromatography and liquid solution introduction mode ICP
MS, also using ICP-SF-MS, (respectively “Element 2” and
“Element XR”, Thermo Scientificc Bremen, Germany).
Analytical conditions used by ITU are described elsewhere.”!

Ablation parameters and data acquisition

Each polycarbonate disk was fixed in the ablation cell with a
small piece of double-sided tape. Ablations of the particles
were carried out by combining a high repetition rate (1 kHz)
and the rapid movement of the galvanometric scanners (1
mmy/s) to produce a resulting ablation spot with a diameter of
100 um on the disk. For development and optimization of the
analytical procedure with the “Bolet” reference material, only
the signals corresponding to the 3 lanthanides with certified

This journal is © The Royal Society of Chemistry 20xx

concentrations were recorded (La, Dy, Eu). For the “Olympic
Dam” UOC, signals for at least one isotope of each one of the
14 REEs were recorded.

The challenge of this study is to measure the relative
distribution of the lanthanides present as impurities in UOC
particles using only very small quantities of material,
representing typically hundreds of nanograms of uranium and
consequently femtograms of each REE. The signal thus
obtained is very low, short and transient (only a few seconds).
The SF-ICP-MS “Element XR” used here is suitable for this
application because of its extremely high sensitivity. However,
the use of this type of instrument has one drawback: the
stabilization time of the magnetic field after a change of the
value of the magnetic field (< 300 ms) is too long with respect
to the total duration of the LA-ICP-MS signal. To prevent loss
of a significant part of the detection time, the magnetic field
value was kept constant during the whole acquisition. As a
consequence, the mass scan was performed by only using
electrostatic scanning (for which stabilization time of only 1 ms
per m/z). This however strongly limits the analyzed mass range
to +17% of the mass spectrum around the central m/z ratio.
Under these conditions, the uranium signal that was proven by
Lach et al.”® to be a good internal standard to quantify REE
content in uranium oxide by LA-ICP-MS was not recorded
because the mass gap was too large to be covered by the
electrostatic scanning. However, the mass range allowed by
electrostatic scanning is sufficient to measure all the REEs of
interest.

Data was acquired as raw counts per second (cps) for 80 s. The
blank signal was measured for 20 s before the beginning of the
ablation. Ablation and data acquisition parameters are
reported in Table 3.

Data processing

The baseline estimated by the average signal measured during
the 20 seconds prior to the ablation was subtracted point by
point from the signals measured for each isotope in the
ablation peak. Blank polycarbonate disks coated with collodion
were ablated to check for absence of contamination in the
matrix. Blank count rates were negligible for all of the
lanthanides as they were not significantly higher than the
baseline recorded prior to ablation. Signal intensities were
integrated over the ablation time for each REE and the
elemental ratios of interest were calculated according to the
following equation (after calibration using NIST 612):

1
[E ]samplc :N(El)samplc [E 1]N[ST6120011 X N(EZ)NIST()lZcert

2 2
[E ]sample N(Ez)samplc [E ]NIST612cert X N(El)N[ST6IZCcrI

Where [E]Samp,e is the concentration of the lanthanide in the
sample, [Ei]N,STE;leE,t is the certified concentration of the
lanthanide in the NIST 612 reference material, N(Ei)samp,e the
integrated number of counts for the ablation of the lanthanide
in the sample, and N(E?Nmsumeas the integrated number of
counts for the ablation of the lanthanide in the NIST SRM 612.
Although limited elemental fractionation is generally reported
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for most of the rare earth elements36, some authors® have
pointed out more significant elemental fraction with respect to
La using 213 nm nanosecond laser. As demonstrated by
several authors the use of the femtosecond laser leads to an
efficient reduction of fractionation effects and therefore offers
the possibility of accurate non-matrix matched analysis.%f41

Results and discussion
Optimization of the method

The challenge of this method is the very small quantity of
analyte available to perform the measurement. Lanthanides
are present as trace elements in UOC (typically between the
ng.g'1 and the u g.g"1 levels) and for each ablation only a few
particles of UOC of a few um in size are analyzed, typically
representing hundreds of nanograms of uranium. For example,
in a 10 um diameter particle of “Bolet” equivalent to a dense
sphere, the quantity of Sm would represent approximately 800
ag (according to the concentration of 0.19 ug.g'1 given in the
certificate). The LA-ICP-MS signal, which is highly transient,
short (approximately 5s) in the case of the analysis of
dispersed particulate material, is also of low intensity. Figure 1
presents an example of an ablation of “Bolet” particles
dispersed on a polycarbonate disk.

With such signals, special care has to be taken with data
acquisition. The total measurement time t; is given by:

nj

tr = n¢ X Z(nppi X tpi + tsi)

i=1

Where ncis the number of measurement cycles, n; the number
of isotopes, npp; is the number of points per peak recorded for
the isotope i, tp; is the counting time for the individual
measurement of the isotope i (called “Sample Time”), and tg; is
the stabilization time of the instrument after a mass jump
(“settling time”). In our case, the mass scan was operated
using the electrostatic analyzer only, so the settling time was
the same for all isotopes (ts). If the sample time and the
number of points per peak are identical for all isotopes, then
the previous formula becomes:

tr = ng X ny X (Nyp X tp + tg)
The total measurement time is defined by the analyst and
corresponds to the duration of the ablation peak on which the

signals are integrated.
The counting time t,, for each isotope is:

ty = N¢ X Npp X tp

The counting time must be optimized by maximizing its ratio to
the total measurement time:

Ny X tp

r=n1-><(nm,><tD+ts)

The highest ratios are obtained by minimizing the number of
isotopes, but also by having a much longer sample time with

4| J. Name., 2012, 00, 1-3

respect to the settling time, which is 1 ms in the case of this
study.

However, a dwell time that is too long raises the risk of
spectral skew 2% Spectral skew arises when a transient signal
is measured with sequential acquisition. If the time of measure
for each isotope is too long in comparison to the total
measurement time, the resulting peak integrated per isotope
is not representative of the actual arrival of isotope in the
detector (cf Figure in supplementary information).

Pettke et al.”® demonstrated that for two different dwell times
(5 ms and 10 ms) in a single shot experiment performed by LA-
ICP-MS, the effect of spectral skew is negligible on the
precision when more than 30 measurements are recorded for
each ablation peak, i.e. more than 30 measurement cycles
over the duration of the ablation peak.

The reference material “Bolet” is a relevant choice for testing
and validating the developed procedure because the three
certified REEs (Sm, Eu, Dy) are relatively abundant and were
simultaneously added to the material using a thorough
homogenization process. In the following, we assume the
relative concentrations of these three elements are
homogeneous at the scale of the small quantity being
analyzed. In Figure 2 the relative standard deviations (RSDs)
obtained for different dwell times (defined here as ny,.tp) and
calculated from 12 ablations of very small amounts of “Bolet”
are compared to the theoretical RSDs calculated from counting
statistics according to Poisson’s law. From 1 ms to 100 ms,
experimental RSDs were consistent with theoretical values.
However, for 500 ms and 1 s, experimental RSDs were not in
agreement with theoretical RSDs. The number of individual
measurements (number of dwell times) for each isotope are
given in Table 2. For dwell times of 500 ms and 1 s, the signals
are respectively defined by 7 and 3 individual measurements
over the whole ablation peak, which is obviously too low. The
reproducibility is thus affected by spectral skew.

For the determination of the REE distribution in a real UOC, 14
lanthanides should be measured, and not only three of them.
A low value of 10 ms was chosen for the dwell time in order to
keep the number of measurements above 30.

Limit of detection

Limits of detection (LODs) were determined by performing 26
ablations on two blank disks. Blank disks were prepared
following the same protocol employed to fix the particles, i.e.
mixtures of collodion and ethanol were deposed on
polycarbonate disks. During the integration time, the total
number of counts was lower than 70 counts. Under these
conditions, the normal distribution hypothesis commonly used
to calculate the LODs (3xSD) is not true and would give
inconsistent and low LODs, the model based on the Poisson
Statistics being more appropriate.44 The absolute detection
L(E)aps for the element E, expressed in pg, was estimated as

follow:
i
271+329% |N(E'),

S(E)

L(E)Abs:

This journal is © The Royal Society of Chemistry 20xx
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With N(EY)pganksB, the number of integrated counts in the
blank disks and S(E) the sensitivity for the element E (counts
ug'l). The sensitivity was determined by performing a crater in
the reference glass material NIST 612, and calculated
according to the following formula:

N(Ei)NIST

S(E)= [ElnisTXVX 0

Where N(EY)ysr is the integrated number of counts of the
isotope i for the element E in the NIST SRM 612, [E]ysr the
concentration of the element E in the NIST SRM 612 (ug-g'l), \%
the ablated volume (cm3) and p is the volumetric mass of the
NIST SRM 612 (g.cm™).

The volume ablated was measured by rugosimetry
(Micromesure Table and CH150 captor, STIL., Aix en Provence,
France). Table 3 presents the relative limit of detection in
absolute values, calculated from the blank disks. For micro-
analysis, absolute limit of detection corresponds to the
minimum detectable® mass of analyte. In this study, low
absolute limits of detection ranging from 80 to 700 attograms
were obtained. This wide range is mostly attributed to the
relative isotope abundance of the element of interest and to a
lesser extent to blank values. Note that using this Poisson
statistical assumption, LODs for blank values very close to zero
are still questionable since even if blank values were equal to
zero, the LOD would be equal to 2.71/S(E), roughly 2 to 3 times
lower than our values (see Table 3).

In comparison, Varga et al.? published low limits of detection
in the tens of ppb range corresponding to absolute detection
limits between 0.02 and 2 pg for 13 mg of uranium after matrix
separation and REE extraction. If we consider the “Olympic
Dam” UOC for which Sm concentration estimated by Keegan et
al.? (by ICP-MS measurement) was 10 ng.g'l, Sm can be
theoretically detected by fs-UV-LA-SF-ICP-MS in a particle of 20
um corresponding to 38 ng of UOC (with a theoretical dense
sphere shape of 8380 kg.m'3).

Validation of the method

To validate the methodology, elemental ratios measured in the
reference material “Bolet” were compared with the certified
values. “Bolet” is certified for the three lanthanides Sm, Dy,
and Eu. To our knowledge, no reference material of UOC
certified for all 14 REEs is available’’. The chemical properties
for this class of elements are very similar but some elements
are more or less affected by interference. Figure 3 compares
the elemental ratios measured in micro-sized particles of
“Bolet” (41 ablations of 4-20 ng of U3;0g equivalent to 10-17
pum) with the reference values given in the certificate.
Uncertainties (k=1) for the measured elemental ratios are
calculated from the standard deviation over the 41 ablations.
To estimate the uncertainties in reference elemental ratios,
the quadratic combination formula was used.

This journal is © The Royal Society of Chemistry 20xx

With u( ) the uncertainty of the ratio of the element £, and
the element E,, [El] and [E2] the concentrations of the
elements E; and E, in “Bolet”.

Elemental ratios measured from the ablation of low amounts
of “Bolet” are in good agreement with the values given in the
certificate. The relative differences with the expected
elemental ratios Eu/Sm, and Dy/Sm are respectively, 5% and
2%. The uncertainties measured are between 13-16%. These
uncertainties are consistent with the external reproducibility
expected for the chosen method (10 ms dwell time). The
theoretically achievable RSD according to Poisson law varies
between 7-16% for the elemental ratios measured. No
conclusion can be made from these results on the
homogeneity of the material at the microscopic scale. The
reference material “Bolet” is produced from pure uranium
oxide, U;Og, that is enriched in impurities by impregnation,
suggesting that the material should be homogeneous even at
the microscopic level.*®

Comparison with the result obtained by liquid ICP-MS after matrix
separation

The method was applied to the analysis of a UOC from an
Australian mill called “Olympic Dam”. One isotope of each of
the 14 lanthanides was measured during each ablation. The
relative distribution of the lanthanide relative concentrations
(normalized to the Sm concentration, Sm was chosen
arbitrarily) measured by fs-UV-LA-SF-ICP-MS are shown in
Figure 4. The distribution is compared with the ones obtained
by ICP-MS after separation of the matrix by two laboratories
(ITU and CEA). The uncertainties presented for fs-UV-LA-SF-
ICP-MS are calculated as twice the standard deviation of 10
ablations for “Olympic Dam” (k=2). Each trajectory of ablation
includes 3-5 particles equivalent to 100-400 ng of UOC
(average for the 10 ablations). The uncertainties for the bulk
methods are used for comparison.

The results of the LA-ICP-MS method are in good agreement
with the results from the “bulk” method (chemical purification
followed by liquid introduction ICP-MS) except for La/Sm
(15.5%£5.1 by LA-ICP-MS versus 4.6+0.6 and 7.31+0.5 by “bulk”
analysis respectively by CEA and ITU). These differences may
be due to the interference of 2%U™Ar*" at m/z = 139. A
solution to correct for this interference could be to estimate
the formation rate of UAr2+, to record U during the UOC
ablation, to calculate the level of UAr?* and to subtract the
UAr* from the raw signal. However, this solution is not
recommended for the ablation of very small quantities of
material, because a variation of the magnetic field is necessary
to measure a uranium isotope. Therefore, a settling time of
300 ms would be added for each cycle which would strongly
limit the number of measurement cycles per ablation and per
element. The number of measurement cycles would fall below
the required 30 individual measurements for accurate
measurement.

The standard deviation calculated from 10 micro-analyses
varied between 22.5%-40%. The uncertainties are consistent

J. Name., 2013, 00, 1-3 | 5
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with the external reproducibility expected according to
Poisson law (11%-40%).

Comparison with the uranium ore of origin.

Varga et al.” have proven that the REE distribution in UOC is
not modified by the purification process and presents
similarities with the REE distribution of the deposit of origin.
The REE distribution obtained in our study by fs-UV-LA-SF-ICP-
MS in the “Olympic Dam” UOC was compared to data
concerning the original ore obtained by Ciobanu et al.® They
investigated the suitability of hematite for U-Pb geochronology
using LA-ICP-MS coupling and measured the 14 REEs in
different hematites. The REE distributions (normalized to the
concentration of Sm) are presented in Figure 5. The overall
shape of the distribution is similar in the ore and in the UOC,
with an enrichment of the light REEs with respect to the heavy
REEs.

Conclusions

A new analytical methodology has been developed to measure
the relative distribution of REEs in a few hundred nanograms
of uranium ore concentrate by fs-UV-LA-SF-ICP-MS. Laser
ablation allows the direct measurement of the sample, no
matrix separation is needed, and therefore the risk of
contamination and the production of radioactive waste is
diminished. Ablation of a few particles produces an extremely
short and low transient signal. Reproducibility is governed by
counting statistics preventing any conclusion on the
homogeneity of the material at the microscopic scale. With
this method, the REE relative distribution measured in a UOC
from “Olympic Dam” was found to be comparable to the REE
pattern of its deposit of origin. The measurement was
performed from only hundreds of nanograms of UOC, a
reduction of the sample uptake of a factor of a 100 000
compared to liquid nebulization mode ICP-MS. Nevertheless,
the results obtain by fs-UV-LA-ICP-MS were consistent with
standard nebulization wet plasma ICP-MS, except for the
lanthanum that might be interfered with by UAr** in fs-UV-LA-
ICP-MS. This method is of great interest for forensic studies.
Analysis of uranium ore concentrate should focus on reaching
the microscopic scale to be able to discriminate the
components of a mixing of UOCs. Development should be
done on the sensitivity of the SF-ICP-MS to lower the limit of
detection and enable analysis of single particles.

6| J. Name., 2012, 00, 1-3
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LAMBDA Ill Laser ablation system

Laser source Yb:KGW
Wavelength 257 nm
Pulse duration <400 fs
Repetition rate 1000 Hz
Scanner speed 1 mm.s-*
Ablation strategies Disk of 100 #m
Element XR ICP-SF-MS

RF Power 950 W
Cooling gas flow rate 16 Lmin™
Auxiliary gas flow rate3 1.10 Lmin?
Nebulizer gas flow rate 0.4 Lmin?
Resolution 300
Sample per peak 60

Mass window 3%

Setting time 0.001s
Sample time 0.005 s
Scan type E-scan

Measured isotopes

For “Bolet”: *¥7Sm, *>*Eu and **Dy
For “Olympic Dam”: ***La, **°Ce,

141 Pr’ l‘!Nd' 147Sm' 153Eul 157Gd' 159Tb,
ISSDYI IGSHO' 155Er' lngm, 172Yb and
175Lu

Table 1 Optimized ICP-MS and Laser operating parameters
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Figure 1 Example of the signals measured for the fs-UV-LA-SF-ICP-MS analysis of
31 particles of the UOC reference material “Bolet” for the isotopes “75m (blue line),
32 3Eu (red line) and "Dy (green line).
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100%
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20%
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Relative standard deviation (RSD)
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Dwell time per element (ms)

Figure 2 Comparison of the experimental (red circles) relative standard deviation
(RSD) calculated for Sm/Dy of the “Bolet” material from 12 successive LA-ICP-MS

analyses performed for each dwell time, with the theoretical (green triangles)
RSD achievable according to the Poisson Law and starting from the measured
number of counts.
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26 Dwell Number of individual Number of individual

27 time measurements per measurements per

(ms) isotope — measurement isotope — measurement
of 3 isotopes of 14 isotopes

30 1 1667 357
31 10 303 65
32 50 65 14
33 100 33 7
34 500 7 1
35 1000 3 /

Table 2 Numbers of individual measurements per isotope for an integrated
ablation of 10 s depending on the dwell time

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 11
60

 Pesedorotsditmaws



P OO~NOUIA,WNPE

CUNOT OO BEDAEABAEDMDIDMDEBRNWOWWWWWWWWWWNNNNNNNNNNRPRRRERPRERRERPR
QOWONOUTRARWNRPOOONOOURMAWNRPOOONOUOPRRWNPRPOOONOOPARWNPEPOOONOODUIAWNEO

I Journal of Analytical Atomic Spectrometry Page 12 of 15

ARTICLE Journal Name
Lat¥® Cel® Priet Ndie® Smie7 Euls? Gd!s? This? Dy Holss Eriss Tmie® Ybi72 Lut?s
N(E)otans 3 5 2 3 1 2 2 1 1 1 1 2 1 1
N(EDrasr 1.16+06 1.1E+06 1.3E+06 1.5E+05 1.7E+05 5.2E+05 1.4E+05 9.1E+05 2.0E+05 8.3E+05 2.7E+05 7.6E+05 1.6E+05 6.2E+05
[EINIST (ng.g-1) 36 384 379 355 377 356 37.3 37.6 355 383 38 36.8 39.2 37
L(E)Abs (ag) 105ag 127ag 80 ag 707ag 388ag 173ag 633 ag 85ag 276 ag 95 ag 227ag 114ag 55528 113ag
L(E)Abs for 0 (ag) 34 ag 35ag 31ag 246ag 223ag 173ag 26528 43 ag 183ag 48ag 1452 SOag 258ag 6lag
L(E)Abs for 0 is the minimal detection limit that could be reached if N(Ei)mank:O
Table 3 Detection limits calculated for the 14 lanthanides (V=1.5E™" m® and Prisr=2530 kg.m?)
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Figure 3 Elemental ratios Eu/Sm, and Dy/Sm for 41 ablations of
uranium reference particles from the “Bolet” reference material.
Each ratio was corrected through measurement of the same ratio
with the NIST 612 reference material. Green squares represent the
mean values of the measured ratios (for 41 ablations), the
uncertainties represent the external reproducibility. Reference
values and their uncertainties for each ratio (calculated from the
given value from CETAMA, as a quadratic combination) are
represented by red triangles.
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Figure 4 Comparison of relative distribution of lanthanides (normalized to the Sm
concentration) in the “Olympic Dam” UOC by different methods. Micro-analyses
(in red) were performed in this study by ablation of a few hundreds of ng of
material by fs-LA-ICP-MS (red squares). Ratios were corrected with NIST 612. Bulk
analyses were performed by separation on resin prior to the analysis by SF-ICP-
MS for the two other laboratories (CEA, blue circles, and ITU, green triangles).
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Figure 5 Comparison of relative distribution of lanthanides (normalized to
Sm concentration) measured in the “Olympic Dam” UOC (this study) and in
the original ore (Ciobanu et al)*® by LA-ICP-MS. For the UOC (green circles),
the ratios were calculated from 10 ablations of a few ng of material, and
were corrected with the NIST 612 reference material. For the uranium ore
(red squares) the values were obtained by calculating the mean of different
ablations of REE inclusions in the ore.
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